A range of commercial UF membranes have been characterized by thermoporometry, biliquid permporometry and molecular weight cut-off experiments. A comparison of results from these three independent techniques for the same types of membrane shows an indication of the strength and weakness of the methods. MWCO values determined from actual rejection values using PEG and dextran were significantly lower than the manufacturer supplied data. The data obtained using the biliquid permporometry and solute rejection tests produced contrasting results for Amicon polysulfone (PM30) and regenerated cellulose (YM30) membranes. While MWCO determination resulted in sharper cut-off curves, the biliquid permporometry offered a broader size distribution with the PM30 and vice versa with the YM30. The pore sizes obtained by thermoporometry were significantly larger than those by the biliquid permporometry. The biliquid permporometry and thermoporometry give significantly higher values than the MWCO method. The closest comparison is obtainedbetween the EM values and the MWCO method. This suggests that the controlling pore dimension for separation is the surface skin dimension.
Introduction
The main purpose of characterization is the prediction of the performance (flux and rejection) of a membrane from its morphological properties. Complete characterization de-have been considered for evaluation of pore characteristics. However, the individual techniques have been used in isolation by research groups under different experimental conditions. This has resulted in difficulties in assessing or comparing data as follows: (i) For a given membrane the information is often dependent on the protocol used such as the type of solvent and solute, etc.
(ii) It is difficult to compare membranes from different manufacturers since the separation characteristics given are often based on experiments using different test molecules under different operating conditions.
(iii) Although much data are available using different techniques in the literature, there are limitations for the comparative study due to differences in chemical properties of the membrane and experimental conditions.
(iv) Variability in membranes can be significant, even within the same batch of membranes [ 
71.
This paper aims to give a truly comparative study of the techniques using the same types of membrane to identify the limitations of the techniques. The techniques compared in this work are thermoporometry, MWCO determination and the biliquid permporometry. Data obtained from FESEM micrographs [ 91 using image analysis are also included for comparison.
Experimental

Membranes
The membranes used are listed in Table 1 , and Fig. 1 shows field emission scanning electron micrographs (FESEM) of some membrane surfaces.
Methods
MWCO determination
All ultrafiltration (UF) experiments were performed in a thin channel module described in Ref.
[ 291 with an effective membrane area of 37 cm', adjustable feed flow, and pressure. Prior to a UF experiment, distilled water was circulated in the test loop until steady state. When steady state was reached in UF, the concentrations of the bulk and permeate were analysed with a differential refractometer, Waters model R-403.
Measurements were carried out with dextrans of FL 3500, FDR 5200, TlO, T40, T70 and T500 and poly (ethylene glycol)s (PEG) with average molecular weights of 600, 1000, 1500, 2000,3000,10,000,20,000, and 35,000 obtained from Pharmacia, Uppsala, Sweden and Merck, Schuchardt, Germany respectively. In MWCO determination, while single solute (dextran or PEG) was used for tight membranes (PM30, YM30), for more open membranes (PTHK, MPS) both PEG and dextran were used due to unattainability of PEG in high molecular weight range. The test solutions were prepared by dissolving preweighed amounts of dextran or PEG in salt-free distilled water at a concentration of 1.5 g/l. Test conditions were pressures of 50,100 and 200 kPa, feed recirculation rate, U=1.87 m/set with Reynolds number 3700. The circulation velocity was regulated by a pump.
Most often nominal MWCO values given by manufacturers are based on observed (apparent) rejection, R,= ( Cb-C,) /C, (where C, is permeate concentration, C, is bulk concentration) which differs significantly from true rejection, Rt= (C,-C,)/C, (where C, is wall concentration) because of higher solute concentration at the membrane surface than that in the bulk due to concentration polarization. From the film theory model the following relationship [30] can be derived in order to calculate the true rejection from the apparent rejection, and the mean pore diameter of active pores is defined by,
Thermoporometry
The membrane sample was washed by soaking several times in distilled water and the excess water on the surface was carefully removed using a clean tissue. A sample (20-50 mg) (in preparation of the specimen, the backing substrate was removed from the YMlOO, but the backing material is included for other membranes) saturated with water was placed in a preweighed stainless pan and sealed. All the calorimetric measurements were performed with a Perkin-Elmer DSC-4 differential scanning calorimeter. Prior to heating to 10°C (283 K) with a scanning rate of 2"C/min (1 or 3"C/ min was also used), the sample was cooled with a maximum speed of 320"C/min to -40°C (233 K). Differential pore volume versus pore radius was obtained by analysing the thermogram according to Brun et al. [ 171. When water saturated membranes are cooled down, undercooling, AT [difference between a measured temperature and the triple point of water (273 K ) ] is related to the radius of an ice crystal r,, and is inversely proportional to the degree of undercooling. Water in the porous media therefore crystallizes or melts at the temperature where the pore radius rp = r,. From the thermogram, the relation between the pore radius (nm), rp and the extent of undercooling, AT is calculated using equations The melting process was used for the pore size analysis in this paper; the pores corresponding to the maximum of the distribution curves dV/ dr=f( r) are obtained by comparing the fusion curves of the capillary condensate. Table 2 compares the mean pore diameters of the membranes (typically 2 to 3 pieces from the same batch for each membrane type) determined using the different characterization methods, and also includes the data determined from EM for comparison. Relative correspondence of the measured data can be seen for the 'different' membrane types, although the diameter obtained by each technique differs significantly for the 'same' types of membrane. The biliquid permporometry and thermoporometry methods give significantly higher values than the MWCO method. The closes comparison is obtained between the EM values and the MWCO method. This suggests that the controlling pore dimension for separation is the surface skin dimension. The largest discrepancy when comparing MWCO and EM value is for the MPS membrane, and this may be due to its different morphology (see Fig. 1 ) which could have controlling pore dimensions below the skin layer. However, it should also be noted that the relationship between the size of a partially rejected solute and the size of the pores is an intricate one and that even the simplest of the models predict a substantial difference between the two; Ferry's model [ 321 predicts the diameter of the capillary to be 1.4 times larger than the diameter of the sphere rejected at 90% level.
Results and discussion
It is also shown that the pore diameters analyzed by the thermoporometry are substantially larger than those estimated from the biliquid permporometry. This is possibly because thermoporometry pore radii corresponding to distribution maxima have contributions from pores of comparable size both in the skin and sublayers [ 331 as pore size transition from the skin to sublayer is not well defined for aniso- tropic membranes. Zeman and Tkacik [ 201 also observed that thermoporometry gave pore sizes of UF membranes one order of magnitude larger than those by SEM. They suggested that thermoporometry measures the pores in the sublayer of the membrane indicating that this method gives insufficient information on the pores present in the skin only. The biliquid permporometry determines the dimensions of the narrowest part of the pore (possibly the pore entrance ) , whereas the thermoporometry measures the effective dimension of the pore cavity (not pore opening).
For MWCO determination, cut-off values of the membranes tested under the same conditions differ significantly from nominal MWCO given by manufacturers. It is not surprising, as different manufacturers use different type of solutes (proteins, dextrans, PEG, etc.) as well as different test conditions (pressure, feed velocity, concentration, pH, temperature, geometry of the test cell, etc.). In addition, cut-off values are not only strongly influenced by operating parameters, but also controlled by other factors such as concentration polarization and fouling.
M WC0 &termination
The typical apparent and true rejection curves for PM30 and YM30 membranes at 50 kPa, as a function of molecular weight, are shown in Fig. 2 . The PM30 and YM30 have the same nominal MWCO ( = 30 kDa), but they are composed of different material (see Table 1 ) . The curves for the PM30 are sharper than those for the YM30. While the cut-off level of the membrane depends on its mean pore size, the sharpness of cut-off depends on the breadth of the pore size distribution. When the curves ob- tained from observed and apparent rejections are compared, the PM30 membrane shows larger deviations than the YM30, indicating a fouling effect on the PM30 membrane (see below for further discussion ) . In general, thinner and less diffusive membranes tend to show sharper cut-offs.
Since the pressure has different effects on different membranes, the membrane rejection was determined at different pressures of 50 kPa, 100 kPa and 200 kPa and typical true rejection (corrected for concentration polarization ) curves for PM30 membranes are presented in Fig. 3 . The cut-off values measured in this experiment and defined as 90% rejection (true rejection) for dextran or PEG molecules ar summarized in Table 3 . Except for the YM30, the cut-off value for all membranes increases as transmembrane pressure decreases. Little effect of pressure for the hydrophilic YM30 membrane indicates that the differences for the PM30 are due to fouling. If the assumptions used for the MWCO determination are correct, there should be no effect of pressure for the true rejection values as they were corrected for concentration polarization. Noting that eqn. (1) is supposed to correct for concentration polarization, possible reasons for the discrepancies are as follows:
(i) The equation K= (DA/dh)Re0.8Sc0.33 is not giving a correct prediction of K. However, this is unlikely to be a major cause for the difference, as the equation provides a good prediction for the less fouling YM30 membrane.
(ii) The correction assumes a mono-sized solute, whereas dextrans have a 'mean' molecular weight and a distribution. The large molecules in the distribution could form a barrier to transmission which is not accounted for by the correction -this could be exacerbated at higher AP, giving less transmission, i.e. more rejection as AP increases.
(iii,) Solutes deform or distort in the region of pores [ 34 ] -this would be function of J, (and hence AP) . Table 3 also includes results obtained using different solutes (dextran and PEG) for PM30 membranes. PEG resulted in slightly lower cutoff values than dextran. PEG is reported to have larger hydrodynamic diameter [31] than dextran. However, the difference could also be attributed to differences in the molecular weight distribution of the two solutes or to differences in interactions between the solute and the membrane.
The overall observation is that the comparison of the membranes tested under the same test conditions yielded results that differ remarkably from the manufacturers supplied cutoff values (see Table 1 ). Table 3 illustrates how MWCO can lead to misunderstanding and misinterpretation in actual processes, unless con-ditions are specified due to the strong influence of operating parameters. Figure 4 compares the active pore size distributions of the UF membranes measured in this study. The regenerated cellulose membranes (YM30 and YMlOO) have much narrower distributions than the polysulfone membranes (PM30, PTHK and MPS), which contradicts the sharper rejection curve (Fig. 2 ) , indicating that the broader distribution of the YM30 (Fig.  2) was controlled by the diffusive character of the regenerated cellulose membrane.
Biliquid permporometry
The detection of large pores in the PM30 membrane determined by the biliquid permporometry is consistent with greater MWCOs [i.e. low rejection (see Table 3 ) ] obtained by the MWCO determination.
Thermoporometry
Because eqns. (9 ) and ( 11) used for analysis of thermograms are based on the assumption of solid-liquid thermodynamic equilibrium, thermograms were obtained at scanning rates of l"C/min, 2"C/min and 3"C/min (Fig. 5a) . The corresponding pore volume distribution curves calculated from the data of Fig. 5 (a) are shown in Fig. 5 (b) . It is clear from Fig. 5(a) that the 3' C/min scan was not performed under equilibrium conditions. The change of temperature was too rapid to detect freezing of water in very small pores; note that the change of temperature with the 3"C/min scan occurs at much higher temperature (about -10" C) than those (about -20°C) with slower scan rates of 1 and 2 "C/min. All membranes were therefore characterized with a scanning speed of 2"C/min. Figure 6 represents typical thermograms for regenerated cellulose (Fig. 6a) and polysulfone (Fig. 6b) membranes. In Fig. 6 (a) , while peak 1 (left) represents the melting of ice in the pores of the membrane, peak 2 which starts at ap- proximately 0" C is due to the melting of the normal ice of free water [ 35, 361 adhering to the membrane wall or in the substrate. In contrast to the YM30 (Fig. 6a ) with two peaks, the PM30 (Fig. 6b) shows only one peak. The reason for the lack of the first peak for PM30 is unknown. However, one possibility could be that the more hydrophobic polysulfone material of the PM30 has less water bound to the pore walls. Analysis of thermograms yielded pore volume distributions presented in Fig. 7 . Estimated pore sizes (Fig. 7a) , (see also Table  2 ) for regenerated cellulose membranes showed a progressively increasing trend with an increase in nominal MWCO values. As seen in Fig. 7 (b) , results for polysulfone membranes were not so successful. The PM30 thermogram does not show any changes in energy at low temperature (i.e. in the small pores) resulting in the pore diameters of about 8 nm and 60 nm for the smallest and the largest pores respectively, which are significantly larger than the reported pore size [ 91 by EM observation. This was possibly caused by the very low pore volume due to the thin skin layer and the extremely low surface porosity [ 8, 9, 11] as well as their much poorer wettability to water than the regenerated cellulose membranes.
Conclusions
Despite the claim that MWCO determination has the closest resemblance to real operating conditions the characterization data for porous membranes often lead to misunderstanding and misinterpretation due to differences for different types of solute, the membrane system and the process parameters used.
For 'fixed operating conditions' a determination and comparison of the rejection curves of different UF membranes can easily be achieved. However, the MWCO values alone cannot fulfill the requirements for membrane characterization, as the cut-off is not only strongly influenced by transmembrane pressure difference, but is also very sensitive to slight deviations in the rejection curve.
Thermoporometry can provide limited information ('relative' pore size or size distribution) on certain types of polymer UF membranes which are saturated completely by the solvent used (water in this work). The data obtained by thermoporometry are much greater than those by the biliquid permporometry due to the existence of comparable pores in both skin and sublayers because of the indistinct transition layer for anisotropic membranes.
Except for regenerated cellulose membranes, all membranes produced quite a wide permeability curve due to significant contributions from large pores (even in small numbers). The biliquid permporometry also involves uncertainties arising from the pore length and contact angle between the membrane permeating fluids.
Mathematical models used for each technique are rather oversimplified for the actual conditions of the membranes. The techniques can however complement each other and provide useful information on the final properties and performance of the membranes. While the characterization by MWCO determination gives information on the separation properties, biliquid permporometry and thermoporometry are useful tools for the evaluation of pore size distribution.
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